Eusocial wasps are excellent models for understanding polyethism and division of labor among castes in social insects. However, little is known about the mechanisms controlling caste determination in eusocial wasps. Evidence suggests that the phenotype of queens in independent-founding (IF) eusocial wasps of the subfamily Polistinae can be partly fixed in the larval stage; however, this hypothesis has not yet been investigated. In this study we evaluate whether juvenile hormone (JH) affects pre-imaginal caste determination in the IF eusocial wasp Mischocyttarus consimilis (Hymenoptera: Vespidae). Analyzing morphometric and behavioral data, we demonstrated experimentally that females emerging from larvae that were treated with JH in the third instar had a significantly larger body size, spent more time in the nest, and were subject to less physical aggression from nestmates compared with females emerging from untreated control larvae. These results indicate that phenotype differences among castes in IF eusocial wasps can be partly fixed in the pre-adult stage and influenced by variations in the JH titer.
Introduction
Eusocial insects show a clear division of tasks among castes, and the reproductive function is performed by a specialized female, the queen [1] . However, in less complex societies such as independent-founding (IF) eusocial wasps, females that are subordinate to the queen retain their reproductive potential and can assume the colony reproductive function, if an opportunity arises [2] [3] . The reproductive organization of these societies is closely associated with the position of each female within a dominance hierarchy [4] . High-ranking females forage less, have greater access to food brought by foragers, and are the most likely to assume the colony reproductive function in the absence of the queen [5] [6] .
In most species of eusocial insects, phenotypic differences established during pre-imaginal caste determination are the basis for the reproductive division of labor between queens and workers [7] . The apparent absence of allometric growth among castes in IF eusocial wasps has been cited as evidence against pre-imaginal caste determination [8] , although evidence of pre-imaginal caste determination, including differences in body size between workers and gynes, has been presented for several species of IF eusocial wasps in the subfamily Polistinae [9] - [11] . In addition, recent studies with members of Polistes have found qualitative morphological differences among these castes, especially morphometric variation in the Van der Vecht organ secretory area [12] [13] .
Phenotypic divergences among castes of eusocial insects are generated by the differential expression of genes in individuals sharing the same genotype [14] - [16] . Differential expression of genes is controlled by physiological processes that involve changes in hormone titers, and the juvenile hormone (JH) plays an important role in this process [17] [18] . For example, in the honeybee Apis mellifera, the JH controls the differential expression of genes during the critical period of larval development, when sensitivity to this hormone increases [19] [20] .
Developmental biologists speculate that JH can play an important role in larval developmental reprogramming in IF eusocial wasps [21] [22] . For example, it is suggested that morphological variations between workers and gynes in Polistes dominula, as well as differences in facial patterns indicating reproductive quality among these castes, are affected by variations in JH titers during larval development [21] . Similarly, quantitative differences in cuticular compounds between workers and foundresses in P. dominula were attributed to larval variations in JH titers, and this may be involved in differential gene expression linked to the behavioral phenotype of adult females in Polistes canadensis [14] [23] .
The colony cycle of IF eusocial wasps is annual, and the production of castes is closely associated with the colony stage [9] [24] [25] . In these societies, workers are usually produced in the early post-emergence phase, when the colonies require a large workforce [10] [26] . Workers engage mainly in the care of immatures, foraging for resources, and colony defense [27] . In contrast, gynes are most commonly produced in late post-emergence, when colonies have large numbers of adults [24] [25] . Gynes invest in their own reproduction and contribute little to the maternal colony [28] . These data suggest that the production of workers and gynes in colonies of IF eusocial wasps is associated with the colony stage, and must involve ontogenetic differences among these castes.
Mischocyttarus consimilis (Hymenoptera: Vespidae) is an IF eusocial wasp, with colonies having a life cycle of approximately eight months [25] . The first studies of its life history were conducted only recently [25] [29]- [31] . Based on evidence that phenotypic differences among castes in IF eusocial wasps may be partly fixed in the immature stage, the objective of this study is to evaluate whether JH affects pre-imaginal caste determination in M. consimilis.
Materials and Methods

Collection and Transfer of Colonies to Artificial Shelters
From September 2010 to February 2013, we transferred eight colonies of M. consimilis from the field to artificial shelters (AS), in order to maintain, monitor and manipulate them under experimental conditions. These colonies were located in rural areas in the municipality of Dourados, state of Mato Grosso do Sul, especially in the eaves of vacant houses. Colonies were transferred to the AS in the early evening, when foraging activity had ceased and apparently all adults were present in the nest. Our study does not require an ethics statement and did not involve endangered or protected species of the Brazilian fauna.
Two AS were installed near the Laboratory of Ecology, campus of the State University of Mato Grosso do Sul, in Dourados. Each AS was built of wood (1.2 × 1.2 × 2.5 m), covered with thermal-regulating tiles and without side walls, to allow foragers to move freely to and from the field (Figure 1(a) ). Each colony of M. consimilis was attached with wood glue to a wooden board (30 × 60 cm) installed in each AS (Figure 1(b) ). Each board was attached to clapboard inside the shelter, using a hinge (Figure 1(c) ). The board could be rotated 180 degrees to enable topical application of JH to previously selected larvae (Figure 1(d) ). To provide optimal conditions of temperature and humidity the colonies, each AS was installed next to shrub vegetation.
Experimental Procedures
Previous studies suggested that development reprogramming in IF eusocial wasps begins in the third larval instar [32] [33]. This stage in particular has been shown to be more sensitive to the factors controlling caste determination in highly eusocial wasps (subfamily Vespinae) [34] . Based on this premise, the treatments with JH were applied to batches of third, fourth and fifth instar larvae. The instar was determined based on the headcapsule width. In a previous study we determined the metric ranges of head-capsule width for each larval instar in M. consimilis. By mapping the nest on hexagon-printed paper [35] , we followed the daily development of larvae in the comb in order to select the instars for each JH treatment. The selected larvae were treated by topical application of a single dose of 1.0 µg JH III (Sigma-Aldrich, St. Louis, MO, USA) diluted in 1.0 µl acetone, using an automatic micropipette with a volume of 2.0 µl. This dosage has been successfully used to assess JH effects on pre-imaginal caste determination in different species of eusocial insects [36] - [38] . For a larger number of JH-treated larvae, each treatment was conducted for four consecutive weeks, with three JH applications weekly. Untreated females that emerged in the experimental colonies were used as controls.
Experimental manipulation of the transferred colonies was initiated only after the adults became visually habituated to the AS, i.e., when they began to add cells to the comb and to feed the larvae. To minimize possible effects of colony stage on the offspring, we transferred and manipulated only post-emergent colonies in workerphase (colony stage preceding the emergence of gynes). In an effort to minimize the stress caused by manipulation, all treatments were executed at night.
Body Size and Ovarian Development of Newly Emerged Females
Morphometric data were taken from a total of 118 newly emerged females, according to Gunnels [39] : head height, maximum distance among the inner margins of the eyes, minimum distance among the inner margins of the eyes, mesonotum length, mesonotum width, thorax length, mesopleura height, tibia length and forewing length. The degree of ovarian development of the newly emerged females was determined based on the presence or absence of pre-vitellogenic oocytes in the ovary. All measurements of body size and ovarian parameters were obtained with the aid of a Stemi 2000C stereomicroscope (Carl Zeiss Microscopy, Oberkochen, Germany), fitted with a micrometer eyepiece.
Behavioral Phenotype and Ovarian Development of Mature Females
Based on the premise that the behavioral ontogeny of females involves morphological and physiological maturation [40] [41], experimental females were observed after eight days of adulthood, which is the age when the behaviors assessed can potentially be performed by female M. consimilis [31] . A total of 37 experimental females were marked on the thorax with one or more colored dots of nontoxic ink soon after emergence, similarly to the procedure used by Nakata [42] . The behaviors assessed included time spent in the colony and the number of aggressive acts received per hour of nest presence, as described by Markiewicz and O'Donnell [43] . Continuous observations were made for two hours in the morning (09:00 -11:00 h) and three hours in the evening (13:00 -16:00 h), periods when colonies of this species are highly active [29] . Aggressive acts included individuals attacking, chasing, pecking, nibbling, holding in the mouth and sitting on each other, as described by Bruyndonckx et al. [44] .
At the end of the observation period, the females were killed by freezing (−20˚C). The gaster of each experimental female was fixed by immersion in Dietrich's solution, and then stored in 70% ethanol. For analysis of ovarian development, the gasters were dissected in a petri dish containing physiological saline solution; for each female, the mean length of the six largest oocytes was used as the ovarian development index [27] . All measurements were taken with the aid of the Stemi 2000C stereomicroscope.
Statistical Analyses
All statistical analyses were carried out in an R Statistical Environment (R Development Core Team, 2013), with significance level of 0.05. We measured nine morphometric variables of females emerging from JH-treated and control larvae, and evaluated them by a Principal Components Analysis (PCA) with the help of the labdsv package [45] . The first PCA component was used as a body size index [39] . Data for body size were normally distributed (Shapiro-Wilk test, P > 0.05) and showed variance homogeneity (Bartlett's test, P > 0.05), so the differences between the categories of females were evaluated by parametric tests, including Analysis of Variance (ANOVA) and Dunnett's test for multiple comparisons with the use of the asbio package [46] . The data for ovarian development of newly emerged females were analyzed using Chi-square (χ 2 ). Behavioral and ovarian-development data for mature females were not normally distributed (Shapiro-Wilk test, P < 0.05), and therefore differences among groups were assessed by nonparametric tests, including the Kruskal-Wallis and Mann-Whitney U test for multiple comparisons, with the help of the exactRankTests package [47] , followed by Bonferroni correction.
Results
Effect of Larval Topical Application of JH on Body Size and Ovarian Development of Newly Emerged Females
The PCA with the nine morphometric variables recovered most of the existing variance among the four categories of experimental females. The first PCA axis was positively associated with all morphometric variables, and explained 78.3% of the total variation. The second axis explained 10.3% of the total variation. Considering the first principal component as the explanatory variable, significant differences in body size were found between the treatment and control females (ANOVA, F 3.114 = 3.15, P = 0.02, Figure 2) . Comparisons of pairs of groups showed that only females emerging from third-instar JH-treated larvae had a significantly larger body size than females emerging from control larvae (Dunnett's test, P < 0.01, Figure 2) . Larval topical application of JH did not affect the degree of ovarian development in newly emerged females (Chi-square, χ 2 = 1.48, P = 0.68, Table  1 ).
Effect of Larval Topical Application of JH on Behavioral Phenotype and Ovarian Development of Mature Females
The time spent in the nest differed significantly between the treatment and control females (Kruskal-Wallis, H = 12.02, df = 3, P < 0.01, Figure 3) . Comparison of the groups showed that females emerging from third-instar JH-treated larvae spent significantly more time in the nest compared to females emerging from control larvae (Mann-Whitney U test, P < 0.01, after Bonferroni correction; Figure 3 ). The number of aggressive acts received per hour spent in the nest differed significantly between the treatment and control females (Kruskal-Wallis, H = 22.03, df = 3, P < 0.001, Figure 4 ). Pairwise comparison of groups showed that females emerging from third-and fourth-instar JH-treated larvae (Mann-Whitney U test, P < 0.001 and P = 0.03, respectively, after Bonferroni correction; Figure 4 ) received significantly less physical aggression from nestmates compared to females emerging from control larvae. The degree of ovarian development did not differ significantly between the treatment and control females (Kruskal-Wallis, H = 6.77, df = 3, P = 0.08). Number of aggressive acts per hour, received by females of Mischocyttarus consimilis, whose larvae were treated with juvenile hormone in different larval instars, and untreated controls. Box-plot represents the median, 25% -75% percentiles and minimum/maximum range. *** (P < 0.001); * (P < 0.05); ns (P > 0.05), after Bonferroni correction.
Discussion
This study demonstrated for the first time that JH topical application in a specific period of larval development affects the female's phenotype in IF eusocial wasps. Females emerging from JH-treated larvae in the third instar had a significantly larger body size than females emerging from control larvae. This instar-dependent effect of JH on the offspring phenotype has been described for other species of eusocial insects [38] [48] . For example, in the ant Harpegnathos saltator, an increase of JH titer in larvae of the third and fourth (last) instars is sufficient to induce the queen to develop [38] . In honey bee (Apis mellifera), JH topical application effectively inhibited programmed cell death in ovarioles of third-instar larvae developing into workers [49] .
In different animal societies, body size is an attribute of high social value and has been a major force promoting the reproductive division of labor among castes in eusocial insects [50] . Although smaller females of IF eusocial wasps retain the ability to reproduce, larger females are more likely to perform direct reproduction, due to their greater potential for both dominance and ovarian development [51] [52] . For example, Cervo et al. [53] showed for P. dominula that females exercising their reproductive function were larger than subordinate females in 35 of 48 associative foundations. It has been suggested that morphological differentiation among potential females could reduce the cost of reproductive conflicts, especially for species of eusocial insects that conduct aggressive disputes for direct reproduction [54] [55] .
Our results are consistent with the supposition that the offspring's phenotype in colonies of eusocial insects can be affected by social variables, including manipulation of the phenotype by adults [56] . Immature eusocial insects are totally dependent on the adults for care, so the allocation of caste may be subject to social interests [57] [58]. Thus, control over the offspring phenotype is critical to social stability, since the caste allocation must be adjusted according to demand throughout the colony cycle [33] [57] . Recent studies have reinforced this hypothesis by demonstrating that adults in colonies of eusocial wasps can control the development of immatures, to produce workers and gynes at the beginning and end of the colony cycle, respectively [32] [33] . Suryanarayanan et al. [33] showed that larvae of Polistes fuscatus in pre-emergence colonies experience high levels of antennation (drumming on the walls of cells occupied by larvae) compared to the larvae present in post-emergence colonies. Antennation produces vibration, acting as a mechanism to promote stress, and larvae subjected to high levels of vibration during development emerge with the typical worker phenotype, while those experiencing low levels emerge with the typical gyne phenotype [32] [59] . It remains to be determined whether the mechanical interference affects the phenotype via changes in the JH titers.
Variations in the JH titers during pre-imaginal caste determination in eusocial wasps can be analyzed nutritionally. The mechanisms controlling the biosynthesis of JH in the corpora alata of immature holometabolous insects are strongly affected by nutritional variables [60] . For example, in honey bee, elevated JH titers leading to development reprogramming occur only in larvae with a highly nutritious diet, i.e., based on royal jelly [48] [61]. Similarly, larval feeding can be decisive in pre-imaginal caste determination in the eusocial bee Bombus terrestris, when a higher food intake increases biosynthesis of JH in larvae developing into queens [62] [63] . In eusocial wasps, an association between larval diet and JH biosynthesis has not yet been reported, although such an association is likely in independent-founding species [15] [59] .
Females emerging from larvae treated with JH in the third instar spent more time in the nest compared to control females. We interpret this behavior as a strategy adopted by females who are seeking to reproduce [6] [40] [64] . Tasks that involve a high energy cost, such as foraging for food and nest-building material, may be avoided by females that intend to invest in reproduction themselves [54] [64] . Thus, individuals with a higher probability of reproducing are predicted to invest less in helping their maternal colony [28] .
Mature females emerging from larvae treated with JH in the third instar received less physical aggression from nestmates, compared to control females. Molina and O'Donnell [40] demonstrated that workers of the wasp Mischocyttarus mastigophorus receive their first aggressive acts on about the fifth day after emerging. The age at which workers are subject to the highest rates of aggression is linked with the onset of foraging activity. In M. consimilis, eight-day-old workers already forage at high rates, and this activity increases with rising rates of receiving aggression [31] [personal observation]. In contrast, eight-day-old gynes spend most of their time in the colony and are subject to low aggression rates [personal observation], suggesting that females emerging from larvae treated with JH in the third instar showed a gyne-like behavioral phenotype. Our results reinforce the hypothesis that expression of gyne-like behavior only occurs in adult females that experience elevated JH titers in a specific pre-imaginal period.
However, topical application of JH to the larvae did not lead to greater ovarian development in mature females, although there was a tendency to this. These data can be partly explained by the fact that females emerging in the early colonies, which feature a highly fertile queen, such as those in the experimental colonies, may be intimidated from investing in ovarian development. In colonies of eusocial wasps, subordinate females can assess the fertility of the queen by monitoring chemical cues secreted by the Van der Vecht gland or by directly estimating the density of immatures in the comb [65] [66] . In other studies with IF eusocial wasps, mature females showed a significant increase in ovarian development in an environment without queens [51] [52].
Conclusion
The results presented in this study, especially those showing morphological and behavioral differences between females emerging from third-instar JH-treated larvae and females emerging from control larvae, suggest that JH plays an important role in pre-imaginal caste determination in IF eusocial wasps, and that its effect is instar-dependent. This new information on pre-imaginal variables influencing individual phenotypes raises important questions about the mechanisms that control phenotypic plasticity in insects, and may help to answer questions involving the relationships among the developmental history, morphology and behavioral expression in adults of eusocial insects. Further studies are needed to clarify which factors affect variations in the JH titers during preimaginal caste determination in IF eusocial wasps, such as nutrition, levels of exposure to stress, or other still unknown factors.
